Laccase from Myceliophthora thermophila was used to catalyze the polymerization of catechol under high-pressure homogenization for the green coloration of textile substrates. The oxidation reactions were conducted using different forms of laccase, namely native laccase, PEGylated laccase and PEGylated laccase immobilized onto an epoxy resin. The three enzyme forms were deposited inside a polyester fabric bag during the experiments. The amount of polymer obtained was similar when using the three enzyme forms and its dispersion in water/DMSO mixture lead to powder particles of about 30e60 nm. The immobilized and PEGylated enzymes lead to poly(catechol) with 13 and 10 units, respectively, while the native form gave rise to shorter polymers (DP ¼ 8). We have shown that the oxidation of catechol conducted under high-pressure homogenization can be an efficient methodology for the in situ coloration of textiles. The polymers produced by this methodology stained strongly the textile container, revealing this experimental set-up as a promising greener coloration/coating methodology involving milder conditions than the normally used in textile processes.
Introduction
Phenolic compounds, such as catechol, are released to the environment from a variety of industrial sources since they are often used as industrial reagents in the production of rubber, dyes, pesticides, colors, plastics, pharmaceuticals, and cosmetics (Tu sek et al., 2017) . When organic compounds like catechol are released into the environment, they can accumulate in the soil, groundwater and surface water, and therefore become an issue of great environmental concern. The presence of these potentially toxic chemicals may be able to transform into teratogenic or carcinogenic agents to life (Aghapour et al., 2013; Cheng et al., 2016 Cheng et al., , 2018 Cohen et al., 2009; Liu et al., 2017) . The increased demand of the industry to develop environmentally friendly methodologies lead to the development of enzymatic processes for its pollutant removal from wastewater (Shinji et al., 1993; Tu sek et al., 2017) .
Laccase-catalyzed polymerization has received much attention from researchers in the last decades due to its ability to oxidize both phenolic and non-phenolic compounds as well as highly recalcitrant environmental pollutants, making it useful for applications on several biotechnological processes (Riva, 2006; Rodríguez Couto and Toca Herrera, 2006) . Laccases, a family of multi-copper containing oxidoreductases, are probably one of the most promiscuous enzymes considering their excellent catalytic properties. They are capable of oxidizing a wide range of different substrates with or without mediators under mild conditions, and for these reasons several researchers have been applying them on the polymer synthesis (Jeon et al., 2012; Kunamneni et al., 2008; Witayakran and Ragauskas, 2009) . As typical laccase substrates, phenols, namely catechol, and its derivatives, can generate various functional polymers based on diverse monomers, which may be applied in several fields like medicine, cosmetics, food and textiles. During synthesis, laccases are known to provide a unique alternative to organic synthesis compared with conventional chemical-catalyzed synthetic processes. The oxidation of catechol using laccase as catalyst has been studied. Saha et al. investigated a two-step treatment method for the removal of phenol, benzenediols, and an equimolar mixture of phenol and benzenediols from water and demonstrated that the proposed enzymatic method is a viable alternative means to remove phenol and benzenediols from industrial wastewaters (Saha et al., 2011) . Tu sek et al. tested two different methods to immobilize laccase from Trametes versicolor and compared them for the catechol polymerization using different reactors (Tu sek et al., 2017) . They found the successful catechol oxidation using immobilized laccase in different reactor systems, batch and continuous, micro and macro size.
Different reactors have been explored to proceed the enzymecatalyzed reactions (Gupta and Roy, 2004; Henriksson et al., 2007; Shah and Gupta, 2008) . Generally, water bath is the most common device used to promote mechanical agitation and improve the mass transport effects. However, the absence of external stimulus reveal low polymerization yields mainly due to inefficient agitation and thus low mass transport is achieved (Zerva et al., 2016) . These results lead the researchers to investigate the use of different devices able to promote higher levels of conversion. They found that when ultrasound devices were applied, cavitation effects enhanced the transport of substrate molecules to the enzyme improving catalysis and accelerating the reactions (DelgadoPovedano and Luque de Castro, 2015; Lobo et al., 2013; Yachmenev et al., 2009; Yachmenev et al., 2002) . Several works have been reporting enzyme catalysis assisted by high-pressure homogenization (HPH) (Gonçalves et al., 2014; Martins et al., 2015) , and their results reveal HPH as a promising method to improve the enzyme application under cavitation effects. Highpressure homogenization, as well as ultrasound, are known to produce cavitation, which may accelerate reactions and increment the mass transport phenomena (Gall et al., 2016; Romanski et al., 2011) . Until now and from our knowledge, the use of HPH on the polymer synthesis is still poorly explored.
In previous studies, we conducted the catechol polymerization with laccase from Myceliophthora thermophila using different apparatus, namely a water bath, an ultrasonic bath and a highpressure homogenizer (Su et al., 2018) . The results obtained showed higher conversion yields and polymerization degrees when both high-energy reactors were used, compared to the water bath reactor. Molecular dynamic simulations performed also demonstrated that under these conditions the enzyme presented a more open active site which we consider the main factor for the higher substrate accessibility to the enzyme therefore favoring the production of longer polymers. High-pressure homogenization was thus considered as a promising technique for catechol polymerization.
In this study, our goal was to evaluate the catalytic ability of different forms of laccase to polymerize catechol under highenergy/pressure environments. The catalysis was thus conducted using native laccase, PEGylated laccase and laccase immobilized onto an epoxy resin (Epoxy-PEGylated laccase) under highpressure homogenizer (HPH) (Fig. 1) . In this study, the nonsoluble enzyme form was contained within a polyethylene terephthalate (PET) bag, as well as the other forms for control purposes. The objective was to constrain the immobilized enzyme movement along the machine and allow only the liquid solution to recirculate. The polymerization was followed during time by UVeVis spectra analysis to monitor colour change. The produced polymers were characterized by weight measurement, 1 H NMR, and TGA. The particle size of the polymer powders was analyzed by dynamic light scattering analysis. We aim with this work to evaluate the potentialities of the high-pressure homogenization as energy source for the enzymatic-catalysis reactions with different laccase forms and explore the possibilities to obtain polymers with coloring performance via a green methodology. Generally, fabric dyeing processes imply the use of extreme conditions like high temperatures and/or highly acidic or alkaline pHs. Polyphenolic components from laccase reactions are produced at milder conditions and could be used for green coloration. Laccase from Myceliophthora thermophila was PEGylated as previously reported (Su et al., 2017) using the procedure of Daly et al. (2005) . Briefly, 14.0 mL of 12 mg/mL laccase were reacted with 20 kDa, poly(ethylene glycol) methyl ether at pH 5.0 phosphate solution 100 mM with 20 mM sodium cyanoborohydride. A control reaction without m PEG was also conducted in every experiment. The reactions were stirred rapidly for 17 h at 4 C. After 10 min of mixing, the reactants were completely dissolved, and an aliquot (namely time 0 h) was taken, as well as at each time point of reaction. These samples were ultrafiltrated, and washed several times with water, using a 30 kDa cellulose membrane mounted in an ultrafiltration apparatus, to separate the free PEG. Afterwards the final solution was freeze-dried.
Immobilization of PEGylated laccase onto epoxy resin supports
The immobilization of PEGylated laccase onto epoxy methacrylate resins (Purelite Lifetech ECR enzyme immobilization resins: 300-600 Å) was conducted as follows: 2 mg/mL PEGylated laccase in 0.5 M acetate buffer (pH 5.0) were mixed with epoxy methacrylate (50 mg/mL) and then stirred for 48 h at 4 C. The powder was then washed several times with water by centrifugation and dried under vacuum.
Evaluation of enzyme activity and stability
The effect of high-pressure on the activity and stability of native laccase, PEGylated laccase and Epoxy-PEGylated laccase, was evaluated. For this, the three forms of laccase were incubated under the same conditions used for catechol polymerization: 100 U/mL enzyme were incubated in acetate buffer (pH ¼ 5) at 40 C for 3 h, using a high-pressure homogenizer. The enzymes were exposed for longer time in order to ensure the accurate stability during time. Aliquots of enzyme solution were taken at different periods of incubation and the activity of laccase was measured against ABTS according to the methodology described by Childs and Bardsley (1975) .
Enzyme-assisted polymerization of catechol
Catechol polymerization was processed by incubating 50 mM of monomer in different solutions: a) 100 U/mL native laccase and b) 100 U/mL PEGylated laccase, c) 100 U/mL Epoxy-PEGylated laccase, in acetate buffer (pH ¼ 5). The immobilized enzyme was confined in a polyethylene terephthalate (PET) bag and placed in the sample receptor of the high-pressure homogenizer. For control reasons, the other enzyme forms were also placed inside the PET bag. Afterwards the catechol solution was added and the homogenization proceed for 2 h (corresponding to 360 homogenization cycles). During the reaction, the top of the feed port was covered with a parafilm with tiny holes to allow the air oxygen entrance without extra oxygen supply. The starting temperature was set to 40 C and the temperature was monitored during processing to follow the inherent increase during high-energy device processing. Next the polymer powder was collected from the HPH device by dissolution with dimethyl sulfoxide to solubilize the insoluble polymers and posteriorly dried under vacuum for 1 H NMR analysis.
2.2.5.

1
H NMR 1 H NMR spectra were acquired in a Bruker Avance III 400 (400 MHz). DMSO-d6 was used as deuterated solvent, using the peak solvent as internal reference.
Determination of total content of free OH groups
The total content of free OH groups before and after polymerization was performed using the Folin-Ciocalteu spectrophotometric method. The monomer and polymer solutions dissolved in DMSO (100 mL) were added to the mixture of Folin-Ciocalteu reagent (500 mL) and distilled water (6 mL), and the mixture was shaken for 1 min. Then Na 2 CO 3 solution (15%, 2 mL) was added to the mixture and shaken for 1 min. Later the solution was brought up to 10 mL by adding distilled water. After 2 h, the absorbance at 750 nm (25 C) was measured. The total content of free OH was assessed by plotting a gallic acid calibration curve (from 1 to 1500 mg/mL). The equation of the gallic acid calibration curve was A ¼ 0.2977cþ0.0368, and the correlation coefficient was r 2 ¼ 0.9988.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was carried out in a Perkin Elmer TGA 4000 equipment. Calibration was performed with metals, such as Nickel, Alumel and Perkalloy, based on their Curie Point Reference. All the analyses were performed with a 6 mg sample in aluminum pans under a dynamic nitrogen atmosphere between 100 and 700 C. The experiments were run at a scanning rate of 20 C/min.
Results and discussion
Effect of chemical modifications on enzyme's catalytic activity
PEGylation and immobilization processes are known to conduct to more stabilized catalysts however reducing their specific activity (Datta et al., 2013; Mayolo-Deloisa et al., 2015) . Herein, one could observe that after PEGylation and immobilization process a ratio of activity among native laccase, PEGylated laccase and EpoxyPEGylated laccase of (1: 0.7: 0.55) was observed, revealing an activity loss after the chemical modification process, as also confirmed previously by others (Mayolo-Deloisa et al., 2015) .
Poly(catechol) production and characterization
UV/visible spectra monitoring during catechol polymerization
During laccase-assisted polymerization of catechol under highpressure homogenization, all the reaction mixtures changed colour from colourless to dark brown, and the UVeVis spectra was recorded to follow the reaction (Fig. 2) . From data obtained, it can be seen all spectra present a typical peak around 300 nm which increases in intensity after polymerization due to new molecular arrangement and polymer formation. The spectra of catechol incubated with enzymes present a new peak at around 430 nm confirming polymerization.
Generally an increase in the UVeVis absorption intensity indicates a greater degree of p-conjugation correlated with the occurrence of polymerization (Jha and Halada, 2011) , and this increase is directly related with the amount of soluble poly-or Fig. 1 . Representation of the polymerization of catechol with native and modified laccases under high-pressure homogenization using a PET bag as enzyme container. Fig. 2 . UV/Visible spectra of poly(catechol) polymerized by different enzyme forms using HPH; the spectra was acquired after 2 h of incubation.
oligomers, which is remarkable higher for samples polymerized in the presence of native laccase in this study. However, differences in UVeVis spectra are related with the amount of soluble poly-or oligomers and are not attributed to the precipitate (Zerva et al., 2016) . Precipitates with darker colour in the reaction solution correspond to insoluble polymers formed and cannot be quantified by UVeVis spectra, being therefore quantified by weight measurement. Besides this, the polymers coated onto PET fabric were also quantified by weighting and considered for the total amount of polymer produced and yield of polymerization (Table 1 ). The data obtained reveal higher reaction yield when PEGylated laccase is used as catalyst. These findings are in accordance with our previous findings which reveal that PEGylation of laccase greatly enhances catechol polymerization, and the molecular dynamic simulations suggested that PEG serves as template forming a complex with the newly formed polymer, pushing the reaction forward (Su et al., 2017) . As confirmed by others, UV/Visible data reveal that laccase catalysis of catechol assisted by high-pressure homogenization provide a mild route to produce polymers and may offer a green alternative to the environmentally unfriendly, costly and less specific physico-chemical methods (Aktaş et al., 2003; Aktas and Tanyolac, 2003; Faure et al., 2013; Kudanga et al., 2011) . Moreover the toxicity reduction is favored since the soluble and toxic monomer is converted into a polymer powder in general lesser toxic.
Enzyme stability during enzymatic oxidation process
All enzyme forms used herein were subjected during processing to the high-pressure homogenization heating conditions which might affect their catalytic performance. To predict the effect of high-pressure homogenization on enzyme activity and stability, an experiment was conducted using the same conditions as applied for catechol polymerization without addition of monomer. The activity of the enzyme was evaluated during time by evaluation at different periods of incubation. According to Fig. 3 , as the processing time increased, a decrease of activity is observed for all the enzymes tested, however, displaying a different decay. For native laccase it is evident a deep decrease of the activity on the first periods of incubation. The residual activity was maintained only in around 55% after 2 h of incubation. The PEGylated and immobilized/PEGylated laccase forms, showed a different behavior, a slow drop of the activity was verified during time and the residual activity after 2 h of incubation remained at around 75% and 73%, respectively. We might speculate that the different deactivation behavior observed is probably due to the stabilization effect of the PEG and of the immobilization which, in the case of the modified enzymes, delayed the enzyme deactivation (Kozlowski and Milton Harris, 2001; Yang et al., 2011) .
3.2.3.
1 H NMR characterization of poly(catechol) Fig. 4 shows the spectrum of catechol and poly(catechol) after polymerization. As it can be seen by 1 H NMR data, the aromatic peaks of the polymers suffer a chemical shift from d H 6.58 and 6.72 to d H 6.88 and 6.96 ppm. No other peaks are observed in the spectra, and it is noteworthy that all the powder is completely soluble in the DMSO-d6 for analysis. The OH peak of catechol is observed at d H 8.8 ppm as a singlet (proton a). In the polymers spectra, this peak disappears, while a small singlet is observed at d H 8.48 ppm, which is assigned as the terminal OH of the polymers (proton d). The patterns turn to be more complex in the polymers, but the calculation of the coupling constants is still possible. Catechol has coupling constants of J ¼ 6.0 and 3.6 Hz, corresponding to the orto and meta coupling constants, respectively. The same coupling constants were obtained for the polymers obtained using the three different laccase forms, suggesting that polymerization reaction occurred via hydroxyl groups in all cases. COSY bidimensional spectra shows the correlation between the aromatic protons of poly(catechol) (Fig. 4C) . The pattern of the peaks (two doublet of doublets), and the COSY analysis corroborates the previous proposed structure, which suggests that the polymerization of catechol occurs by the oxygen atoms.
To confirm the role of different laccase forms on the polymerization, the amount of oxyphenylene units was estimated by measuring the total content of free OH in all the mixtures after reaction (Table 2) . Folin-Ciocalteau method measured the total OH after catechol polymerization and the values are normalized considering the total content of free OH of catechol as 1 (100%). From Table 2 , it can be depicted a decrease of the total free OH after catechol polymerization in the presence of PEGylated laccase being more pronounced for samples polymerized by EpoxyPEGylated laccase. As the content of OH groups decrease as more chains of oxyphenylene are present, confirming higher degrees of polymerization, which is accordance with the 1 H NMR results. The average polymerization degrees are 8, 10 and 13, when native laccase, PEGylated laccase and Epoxy-PEGylated laccase were applied, respectively. From this data it was possible to infer the role of enzyme form on the polymerization degree. One can establish that using the later PEGylated laccase and Epoxy-PEGylated laccase higher DP and higher amount of poly(-catechol) is obtained, confirming our previous findings (Su et al., 2018) (Table 1 ). The green, high-energy efficient and low cost methodology (Jonsson, 2005) applied, high-pressure homogenization, played however a crucial role on improving the polymerization of catechol. Comparing with previous findings using native laccase in a high-pressure homogenizer, we found herein an increase of the DP from 6 to 8. Moreover, the poly(-catechol) polymerized by PEGylated and epoxy-PEGylated laccases suffered an increase of the final DP when homogenization is applied, in comparison with processing in a water bath (Su et al., 2017) . Hydrodynamic cavitation, the type of cavitation inherent to the high-pressure homogenizer, is generated by the flow of liquid through a simple geometry such as venture tubes or orifice plates under controlled conditions. When the pressure at the throat falls below the vapor pressure of the liquid, the liquid flashes, generating a number of cavities, which subsequently collapse when the pressure recovers downstream of the mechanical constriction (Gogate and Pandit, 2000) . These liquid jets activate the solid catalyst and increase the mass transfer to the surface by disruption of the interfacial boundary layers as well as dislodging the material occupying the active sites (Gogate et al., 2006) . In comparison with acoustic cavitation, this type of technology is more energy efficient and low processing costs are associated. Moreover, the use of a biological catalyst replacing the chemicals generally used, provide a green approach for the catechol detoxification through polymerization (Yang et al., 2017) . The use of a PET fabric bag as enzyme container might also be significant to improve the polymerization of catechol. It was not expectable a high affinity of the newly polymers within the surface of PET fabric due to a lack of bond formation between the polymers and the PET fiber. However, we can speculate that the pairing of the aromatic part of the newly formed polymers with the aromatic chains of PET (stacking interaction) might favor the polymerization and increase the amount of polymer at the surface of the support.
The effect of high-pressure homogenization on the particle size of the polymers obtained was also evaluated. Our previous findings reveal particle size of poly(catechol) catalyzed by native laccase, PEGylated laccase and Epoxy-PEGylated laccase using a water bath of 135.70 ± 0.68 nm, 155.90 ± 2.35 nm and 162.70 ± 1.56 nm, respectively (Su et al., 2017) . The use of hydrodynamic cavitation for catechol polymerization promoted a significant decrease of poly(catechol) particle's size, as presented in Table 2 . Small, narrow and monodisperse polymer populations, in the range of 30e60 nm, are obtained for all the enzyme forms used. As confirmed by others (Romanski et al., 2011) , the high-pressure homogenizer operated at high dynamic pressure is effective in reducing the particle size of the polymers. The combination of shear, grinding and cavitation, promote the collapse on the surface, particularly of powders, producing enough energy to cause fragmentation and thus reducing the final achievable particle size of the polymers (Romanski et al., 2011) . H NMR spectra of: I) catechol; II) Poly(catechol) using Native laccase; III) Poly(catechol) using PEGylated laccase; IV) Poly(catechol) using epoxy-PEGylated laccase; B) expansion of the 1 H NMR spectra in A); C) COSY spectra of poly(catechol) using epoxy-PEGylated laccase as catalyst (recorded in DMSO-d6). 
Thermal properties of poly(catechol)
The thermal properties of the synthesized poly(catechol) were investigated by thermogravimetric analysis (TGA). Depending on the conditions of polymerization, differences in poly(catechol) TGA thermal behavior can be found in the literature (Zerva et al., 2016) . In our work, the substrate catechol only shows one-step decomposition, losing all the weight from 100 to 230 C (shown in Fig. A.1) . Herein, poly(catechol) synthesized by different laccase forms exhibited two distinct stages of weight loss, at around 120 C, corresponding to 5% of weight loss, and at around 400 C, corresponding to 50% of weight loss (Table 3) . Like others previously reported, the new polymers formed presented a very slow degradation rate above 200 C (Zerva et al., 2016) . We also find a residue of around 40%, namely when modified enzymes were used, up to 700 C, which is also in accordance with previous data reported (Dubey et al., 1998; Nabid et al., 2010) . Compared with catechol, which presented a vestigial amount of residue up to 700 C, the new polymers formed demonstrated high stability to thermal degradation, especially when polymerized by the modified forms of laccase, PEGylated or epoxy-PEGylated laccase under high-pressure homogenization.
Fabric coloration with poly(catechol)
The use of laccase to synthesize colorants "in situ", from aromatic compounds such as phenols, has been presenting as an efficient way for textiles dyeing at green and mild reaction conditions of pH, temperature and chemical reduction or elimination. Environmental issues have been led to an extensive research on the enzymatic dyeing of protein and cotton fibers (Diaz Blanco et al., 2009; Kim et al., 2007; Li et al., 1999) . However, due to their composition and hydrophobicity, polyester fibers are still poorly explored on this context. Herein, when using a PET bag as enzyme container for the catechol polymerization we found that the newly polymers produced were covering the fiber surface and this coating was stable after washing (Fig. 5) . Comparing with control sample (catechol incubated with buffer using the same high-pressure conditions, without laccase), the PET fabric samples containing poly(catechol) polymerized by native, PEGylated and epoxy-PEGlaccase presented higher coloration. Spectral data reveal different coloration for the different enzymes used. Higher coloration was obtained when using native laccase, followed by PEGylated and epoxy-PEG-laccase. As expected, the modified enzymes gave rise to lower coloration levels since part of the polymers produced by these forms are insoluble and would hardly be attached to the PET surface. Low polymer particles obtained by using native laccase were more prone to colorize the PET fabric surface. It is noteworthy that the particle size was determined by using a mixture of water/ DMSO after polymer recover at the end of the process. We may speculate higher polymer particle size during polymerization with modified enzymes in buffer (data not shown), which hinder a homogeneous covering of the fabric surface.
Conclusions
We found that the enzymatic catalysis using PEGylated and epoxy-PEG laccase, under high-pressure homogenization gave rise to longer polymers with particle sizes between 30 and 60 nm. The small particle size obtained, especially when native laccase form was used, favored the coloration of a fiber which, in theory, would not be easily colored by these compounds. High-pressure homogenization revealed to be an effective technique for the enzymeassisted polymerization of catechol. Comparing with other processing methods, hydrodynamic cavitation promoted by the highpressure homogenizer provides a greener approach for catechol oxidation since it is energy efficient, chemical saving with low costs associated.
The green technology for catechol oxidation is reinforced by the use of laccase as biological catalyst working under mild reactions conditions of pH and temperature without addition of chemicals, using only atmospheric oxygen as electron source for oxidation.
The work presented herein is a step forward the green coloration of synthetic substrates by in situ enzymatic oxidation of phenolic compounds. Our results present polymers obtained enzymatically as valuable tools for the green coloration of fibers at lower temperatures. Further exploitation of the synergism between laccase and high-pressure homogenization technique will allow to obtain a vast palette of colors by oxidation of different concentrations of phenolic monomers. 
